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(57) ABSTRACT

A method for measuring the contact force exerted on tissue by
a probe for heating the tissue and containing an antenna which
1s connected to a radiometer whose output reading indicates
the temperature at depth of the tissue contacted by the probe
comprises displaying the output reading of the radiometer,
applying suilicient power to the probe to heat the tissue to a
selected first temperature that 1s not lethal to the tissue, mov-
ing the probe into contact with the tissue, observing the
increase in the displayed temperature reading that occurs
when the probe contacts the tissue, and advancing the probe
toward the tissue until the displayed temperature reading
reaches a value corresponding to a selected tissue contact
force. After the probe position 1n the tissue has stabilized, the
applied power to the probe may be increased to heat the tissue
to a selected second temperature that 1s lethal to tissue for a
suificient time to ablate the tissue followed by lowering the
tissue heating to a sub-lethal temperature. Apparatus for prac-
ticing the method 1s also disclosed.

17 Claims, 8 Drawing Sheets

-----------------

-y

1
...... 1
""1

1

- 40

—————————————————

10a——C o
- 30
12\
24 - 243 18
\!: INPUT ' 28
183.\ S8
Yoo R — s
78b I f
148
CONTROLLER — o ™ ‘/
22 ‘—{ T i
| — 3‘“3‘3\‘_ k%
| COOLMEAT =
; 1 UNIT % =
'/,--.. DISP. 34f 24n 263
32 o




US 8,206,380 B2

Sheet 1 of 8

Jun. 26, 2012

7

U.S. Patent

el

[ DId

e

ve

epe
/!

— LIND

g
\
]ﬂ' 1V3AH000 |
9 _‘ ave
{1 9z

ecl

[™ ™ ™ P S M M A B A AR R e e ek e

B Rk gy shy ey sy ey v wk ey o wr W ww Em e Wl

diNY

8t

HLAX | =
.mm —l.lluu |

81 eye

GG

NOH-

HIII._

eeemeee- HITIOHLNOD

¢t

e
Ha TTOHLNQOD

Ve



U.S. Patent Jun. 26, 2012 Sheet 2 of 8 US 8,206,380 B2

i © START J

l

L INSERT PROBE 10 INTO PATIENT ‘]

il S oty okl bbbl

\

ACTIVATE XMTR 18 AT LOW POWER LEVEL
SUFFICIENT TO HEAT TISSUE TO SUBLETHAL TEMP

!

OBSERVE TEMP. RISE ON DISP. 32 AS PROBE
APPROACHES AND CONTACTS TARGET TISSUE

l

STABILIZE PROBE POSITION AT OBSERVED TEMP.
CORRESPONDING TO DESIRED CONTACT FORCE

\

ACTIVATE XMTR 18 AT HIGH POWER LEVEL
SUFFICIENT TO ABLATE TARGET TISSUE

AFTER SELECTED ABLATION TIME SWITCH XMTR 18
TO LOW POWER LEVEL AND/OR WITHDRAW PROBE

b ieisnlrednialrtwler il

!
o

FIG. 2




U.S. Patent Jun. 26, 2012 Sheet 3 of 8 US 8,206,380 B2

delia T: diplexer-ani-1; 2 W, ani. perpendicular, llow

10
q j»45
R 4
, |
6 J 3
i

N
tn
lgad (M)

delta T (°C)
JT

|
4 /U //
Jl// = L 1.5
- -t 1
. ;fl i M ._--:r.""“#/ D 5
“[J P \J ¥ e
WY
i 1 | : 0
100 150 200 250
thme in sec

l""""“‘“ ?T Antenna («C) ——Load (N)

FI1G. 3



U.S. Patent Jun. 26, 2012 Sheet 4 of 8 US 8,206,380 B2

Load - 7T Antenna (=() y = 3.0782x
R* = 0.9528

\

?T Antenna (=C)
p%] o
I

Load (N)

FI1G. 4



U.S. Patent Jun. 26, 2012 Sheet 5 of 8 US 8,206,380 B2

10
8
O
s
)
E 6
e
o
(o
-l
3 —
e
&
®
o
Vi
O /‘If\r’-—_\/ﬁ\’¥t/\ _ml :
0 10 20 30 40 50 60
time in sec
— AT Antenna (°C)

F1G. 5



U.S. Patent Jun. 26, 2012 Sheet 6 of 8 US 8,206,380 B2

10

8
O
3 B
th
-
O
O
©
= 4
e
©
O

2

0 S I ] 1 - i |3 !

0 10 20 30 40 50 60
time in sec
—AT Antenna (°C) l

FIG. 6



U.S. Patent Jun. 26, 2012 Sheet 7 of 8 US 8,206,380 B2

5 sec max data

6
y = 0.0867x + 0.7949
R? = 0.9623
5
&
L

%) e
o 4
O
8]
(™
v
E L
= ¢ :
4] -
B 2 :
- L 4

1

O P i I ] 3 ' :

0 10 20 30 40 50 60

Weight (gm)

FIG. 7



U.S. Patent Jun. 26, 2012 Sheet 8 of 8 US 8,206,380 B2

5 sec slope data

1.6

1.4 y =0.0233x + 0.102 &

R? = 0.9641

1.2

0.8

slope of rad

0.6

0.2

0 I ] J E i I
0 10 20 30 40 50 60

Weight (gm)

FI1G. &



US 8,206,330 B2

1

METHOD AND APPARATUS FOR
MEASURING CATHETER CONTACT FORCE
DURING A MEDICAL PROCEDURE

RELATED APPLICATION

This application claims the benefit of Provisional Applica-
tion No. 61/061,305, filed Jun. 13, 2008.

BACKGROUND OF THE INVENTION

This invention relates to a medical antenna catheter appa-
ratus and a method for measuring the contact force applied by
an antenna catheter to tissue during a medical procedure.

Our technique may be used any time 1t 1s desireable to
avold placing too much force on a medical catheter or the
tissue contacted thereby, such as when steering a catheter
along a passage 1n the body or when stabilizing the catheter at
a particular location 1n the body. It 1s especially advantageous
for use during a cardiac ablation procedure. Accordingly, the
invention will be described in that context.

Antenna catheters or probes utilize electromagnetic radia-
tion to simultaneously controllably heat, and detect the tem-
perature of, tissue contacted by a catheter or probe. By plac-
ing the probe at the region of interest 1n the body, 1n this case
a target site on the heart, one can treat certain abnormalities,
such as a cardiac arrhythmia for example.

Obviously, 1 order to perform 1its function, such a probe
must be small 1n diameter and quite flexible and steerable so
that it can be threaded into the body to the target site via a
natural passage 1n the body. It may also be required to facili-
tate various ancillary processes such as display of the target
site, cooling or 1rrigation of the target site, etc.

Antenna probes of the above type are invariably connected
by a long cable to an external control unit which includes a
transmitter for transmitting electromagnetic energy to the
antenna in the probe in order to heat tissue adjacent to the
probe, and a recetver 1n the form of a radiometer which can
detect microwave emissions picked up by the probe antenna
which emissions reflect the temperature at depth of the tissue
adjacent to the probe.

The recerver produces corresponding output signals to con-
trol a display which displays the tissue temperature. Those
same signals may also be used to control the transmaitter to
maintain a selected heating profile.

During a typical cardiac ablation procedure, the antenna
catheter or probe 1s used to resistively heat heart tissue usually
at the left side of the heart sufficiently to intentionally damage
the tissue 1n order to cure a potentially fatal heart arrhythmaa.
Typically, heating the tissue to a temperature in excess of 70°
C. for 30-60 seconds 1s suflicient to cause necrosis. This
procedure was first attempted over twenty years ago and has
become the standard treatment method for most supraven-
tricular tacchycardias (SV'Ts). It may also be used to treat
paroxysmal atrial fibrillation (AF). During treatment, electro-
magnetic energy, usually in the RF frequency range, 1s
applied between the tip of the antenna probe and a ground
plate removably affixed to the patient’s back, creating an
clectrical circuit. The point of highest resistance 1n this cir-
cuit, normally at the interface between the probe tip and the
heart tissue, 1s the region which heats the most and thus may
cause 1rreversible damage to the heart tissue.

In a standard SV'T procedure, the heat generated in the
tissue contacted by the probe 1s monitored with a temperature
sensor such as a thermaister or a thermocouple in the probe tip.
A signal from the sensor 1s applied to a display 1n the external
unit, enabling the operating surgeon to adjust the power as
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needed to provide sufficient heating of the tissue to cause
necrosis, but not enough to result 1n surface charring of the

tissue that could cause a stroke and/or the formation of
bubbles (popping) that could rupture the heart vessel wall.
The same output from the temperature sensor 1s sometimes
used to provide a feedback signal to the transmitter to achieve
controlled heating of the tissue contacted by the probe.

When placing a conventional probe 1n the heart, it 1s rec-
ognized that the operating surgeon should not press the probe
too hard against the tissue. It 1s fairly well established 1n the
medical literature that the load on the tissue due to the probe
should not exceed 0.050 newtons (N), the equivalent of 50
grams ol weight. The problem 1s that the surgeon may not be
able to appreciate how much contact force he/she 1s actually
applying to the tissue. This 1s especially the case if the sur-
geon 15 using a robotic system to position the probe and thus
has little or no tactile feedback. Indeed, there have been
reported cases where the operating physician or robot places
too much force on the tissue, causing the probe tip to perforate
the heart wall. This condition, known as cardiac perforation,
can lead to serious complications including death of the
patient.

Also, with experience over time, surgeons have found a
need to burn tissue on the left side of the heart increasingly
deeper to achieve a favorable patient outcome. In order to
minimize the above-mentioned surface charring of the tissue,
the tips of today’s antenna probes may be cooled by circulat-
ing a tluid through the probe. However, with this artificial
cooling came the undesired consequence that the attending
surgeon no longer has the temperature feedback described
above because the temperature sensor in the probe no longer
takes accurate tissue temperature readings at the point of
contact. That 1s, since the probe tip 1s being cooled, the tem-
perature sensor in the tip measures the tip temperature, not the
tissue temperature.

Another disadvantage of the prior apparatus of this type 1s
the operating surgeon has to work within the radiation field of
the antenna catheter during the entire ablation procedure.
Such exposure over the years could cause irreparable harm to
the surgeon. This may be avoided using robotics allowing for
the remote placement of the probe at the target site. However,
until now it has proven difficult to control a robotic arm with
suificient accuracy to enable placement of an antenna catheter
against the heart tissue with just the right amount of contact
force to enable tissue ablation at the point of contact without
damaging the heart as described above.

One can envision other medical procedures, e.g. angio-
plasty, colonoscopy, etc., wherein the movements of a cath-
eter 1n the body could cause an excessive contact force to be
applied to the opposing portions of the tissue and probe result-
ing in damage to one or both of same.

SUMMARY OF THE INVENTION

Accordingly, this invention aims to provide a method for
accurately measuring catheter contact force during placement
ol a catheter or probe 1nside a human or animal body.

A Tfurther object of the invention 1s to provide such a
method which minimizes the chances of causing tissue dam-
age or catheter damage during placement of a catheter 1n a
body.

Another object of this invention 1s to provide a method for
accurately measuring catheter contact force during cardiac
ablation.

Another object of the invention is to provide a method of
this type which minimizes the chances of overheating tissue
during cardiac ablation.
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Yet another of the mvention 1s to provide a method for
measuring catheter contact force which 1s unatfected by cool-
ing of the catheter tip at the point of contact.

A turther object of the 1nvention 1s to provide a method of
this type which maximizes the information provided to an
operating surgeon or to a robot to assure proper placement of
a catheter or probe prior to commencing a medical procedure.

Still another object of the invention 1s to provide apparatus
for implementing the above method.

Another object 1s to provide apparatus for measuring cath-
eter contact force during placement of a catheter 1in the body
which improves the chances of a favorable patient outcome.

A Turther object of the invention 1s to provide apparatus for
measuring antenna catheter contact force which can be incor-
porated easily into a robotic system to allow accurate remote
placement of a catheter.

Other objects will, 1n part, be obvious and will, in part,
appear hereinatter.

The mvention accordingly comprises the several steps and
the relation of one or more of such steps with respect to each
of the others, and the apparatus embodying the features of
construction, combination of elements and arrangement of
parts which are adapted to effect such steps, all as exemplified
in the following detailed description and the scope of the
invention will be indicated in the claims.

In general, the present apparatus comprises an antenna
catheter or probe for insertion into a human or animal patient.
The probe may be connected by a cable to an external control
unit which may include a transmitter, a receiver, preferably in
the form of a radiometer, and a temperature display.

While we will specifically describe the invention as used in
cardiac ablation, the mvention may also be used in other
ablation procedures such as the treatment of BPH, cancer and
the like.

In accordance with our method, during an ablation proce-
dure, the temperature at depth 1n the tissue contacted by the
antenna catheter 1s measured by microwave radiometry and
used to determine the catheter contact force onthe tissue. This
1s possible because we have found that there 1s a strong
correlation between the two, even 1f the antenna catheter 1s
being cooled. In addition, because microwave radiometry
measures a volumetric temperature, 1t 1s independent of the
angle of contact of the probe to the tissue, unlike conventional
temperature probes incorporating thermistors and thermo-
couples which only measure a point.

More particularly, we have found that when a low (sub-
lethal) amount of energy, or a higher amount of energy for a
short time, 1s applied to the antenna in the probe and the
output reading of the apparatus’ radiometer 1s observed as the
probe approaches and contacts the target tissue, the radiom-
cter reading 1s a reliable indicator of 1) tissue contact and 2)
the force exerted on the tissue by the probe.

That being the case, a surgeon may observe the apparatus’
radiometer or temperature reading as the probe approaches
and contacts the heart tissue. When contact 1s achieved, 1)
there 1s a noticeable rise 1n that reading and 2) thereatter the
reading increases 1n relation to the contact force. Thus, using
a suitable temperature/force calibration table or with proper
programming and formatting of the display, the surgeon can
see directly the actual amount of catheter contact force being
exerted on the tissue at any given time. This 1s very important
during the placement of a catheter into the heart, especially
when a robotic system 1s being used to position the probe and
the physician has lost all tactile feel as described above.

When the desired force 1s achieved and the catheter or
probe has safely reached the desired place 1n the heart, the
power to the antenna in the probe may be increased to a higher
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level for a sufficient time to efiect a lethal temperature rise 1in
the tissue, 1.e. >70° C., and thus the actual ablation.

Using the force information during placement and subse-
quently the temperature information during lethal ablation,
the surgeon can assuredly reach the correct place 1n the heart
without causing a perforation or other damage to heart struc-
tures and then ablate the tissue at the point of contact without
causing surface charring or the formation of bubbles in the
tissue.

During both the placement of the catheter and the subse-
quent lethal ablation, cooling fluid may be conducted to the
catheter and either circulated back from the instrument
(closed circuit) or allowed out of the catheter through small
holes therein (open 1rrigation). In the case of the placement
part of the procedure prior to lethal ablation, fluid may be
flowed to the catheter simply to ensure that the fluid path
remains open and does not become clogged. Since this 1s the
only purpose of the flowing fluid, the flow rate may be quite
low, e.g. 2 cc/min. Then, during the ablation part of the
procedure, the tlow rate may be increased to aggressively cool
the surface of the tissue to prevent tissue charring or over-
heating. In this case, the flow rate may range from a low
setting of 5 cc/min. to a high of 40 cc/min.

In either case, while fluid 1s flowing to the catheter, con-
ventional temperature probes such as those incorporating
thermocouples and thermistors would be greatly influenced
by the temperature of the cooling fluid. However, with the
present probe, the safe placement 1n, and ablation of, the heart
or other tissue as mentioned above 1s essentially independent
of the temperature of the catheter tip 1tself due to such artifi-
cial cooling because microwave radiometry measures the
tissue temperature at depth and 1s a function of the three-
dimensional antenna pattern produced by the probe.

Obviously the same tissue temperature signal from the
radiometer may be used to help control the movements of a
robotic arm to properly position the probe when the ablation
procedure 1s being performed remotely. That 1s, while the
ablation 1s being carried out, a set power should give a fixed
tissue temperature rise for a given applied contact force.
Theretore, just like during a manual probe placement, using a
suitable calibration table or with proper programming and
formatting of the display, the surgeon can see the amount of
catheter contact force being exerted by the robotic probe on
the tissue at any given time during the ablation procedure.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and objects of the
invention, reference should be made to the following detailed
description taken 1n connection with the accompanying draw-
ings, in which:

FIG. 1 1s a diagrammatic view of cardiac ablation appara-
tus icorporating the mvention;

FIG. 21s a block diagram showing the steps for carrying out
the method using the FIG. 1 apparatus;

FIG. 3 1s a graphical diagram showing the FIG. 1 appara-
tus’ radiometer reading and probe contact force (tissue load)
over time for a 2 watt test run;

FI1G. 4 1s a graphical diagram showing the radiometer read-
ing versus the probe contact force (tissue load) for the 2 watt
run;

FIG. 5 1s a graphical diagram showing the radiometer read-
ing over time for the case where a weighted probe places a 5
gram load on the tissue;

FIG. 6 1s a graphical diagram showing the radiometer read-
ing over time for the case where a weighted probe places a 50
gram load on the tissue;
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FIG. 7 1s a graphical diagram showing the change 1n the
radiometer reading 1n 5 seconds versus the load on the tissue
for numerous test runs, and

FIG. 8 1s a graphical diagram showing the slope of the
radiometer reading in 5 seconds for those test runs.

DESCRIPTION OF A PREFERRED
EMBODIMENT

Referring to FIG. 1 of the drawings, the apparatus for
carrying out the invention comprises a minimally invasive,
steerable antenna catheter or probe 10 containing an antenna
11 and an external control unit 12. The probe 1s adapted to be
threaded 1nto a patient via a natural or incised passage in the
patient’s body. The probe 1s connected to unit 12 by a flexible
cable 14 having an end connector 14q that joins a mating
connector 12a on unit 12. Typically, catheter 10 may be only
10 to 12 mm long and 2 mm 1n diameter. Preferably, catheter
10 has a built-in radiometer 16 and 1s of the type disclosed 1n
US2007/0299488 Al, the entire contents of which 1s hereby
incorporation by reference herein.

The control unit 12 may include a transmitter 18 which
delivers power to probe 10 by way of cable 14. The output
signal from transmitter 18 has a frequency that 1s different
from, and preferably much lower than, the frequency of the
radiometer 16 which may operate at a center frequency of,
say, 4 GHz. The illustrated transmitter has an output in the RF
frequency range, 1.¢. below 300 mHz, most preferably 500
kHz, so that cable 14 does not have to be a coaxial cable,
thereby enabling 1t to be more flexible and less lossy than a
coaxial cable. Transmitter 18 1s controlled by a program-
mable controller or processor 22, which recerves instructions
via control buttons 24a on an operator control panel 24 1n unit
12.

The control unit 12 also includes an amplifier 26 which
receives a temperature-indicating output signal or reading
from radiometer 16 via conductors 28 in cable 14. Amplifier
26 conditions that signal and routes 1t to controller 22 which
delivers a corresponding control signal to an mput 18a of
transmitter 18 causing transmitter 18 to deliver enough power
to the antenna 11 1n catheter 10, e.g. 20-30 watts for 30-60
seconds, to cause ablation of the tissue contacted by the
catheter tip 10a.

Controller 22 ditters from the one 1n the aforesaid patent
publication 1n that it can deliver a second control signal to an
input 1856 of transmitter 18 which causes the transmitter to
transmit a relatively low amount of power, e.g. less than 3
watts, or a higher wattage for a short period of time, e¢.g. 30
watts for 5-10 seconds, to antenna 11 that will cause a non-
lethal 1n-depth temperature rise, e.g. up to 5° C., of the tissue
opposite the catheter tip 10a. For this, a three position switch
30 with a control button 30a on probe 10 may be connected
via cable 14 to the controller 22 1n unit 12. When the button
30a 1s not depressed, transmitter 18 applies no power to
catheter or probe 10. When that button 1s depressed half way,
the controller 1nstructs the transmitter via input 185 to apply
the non-lethal low power (or hlgher power for short time) to
probe 10. When the button 30aq 1s depressed all the way, the
controller 1nstructs the transmitter via mput 18a to apply
lethal power to the probe for a selected time.

The controller 22 may also apply the amplified tempera-
ture-indicating signal or temperature reading from the radi-
ometer to a display 32 which may thereupon display at any
time the temperature at depth of the tissue being probed by
catheter 10. Preferably, butnotnecessarily, the display 32 also
displays catheter contact force directly as a function of the
radiometer reading so that the surgeon can see an indication
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of that force 1in real time. Of course, display 32 can also
display other parameters relating to the proper operation of
the apparatus such as transmitter output power, retlected
power, elapsed time, etc.

The control unit 12 may also include a cooling unit 34
controlled by controller 22 and connected via hoses 34a, 34a
to fittings 345, 34b6. Those fittings are coupled to fittings 36a,
36a of a pair of hoses 36 leading to connector 14a. That
connector 1s connected to catheter 10 via passages 38 in cable
14, enabling the flow of cooling fluid to catheter 10, all as
described in the above patent publication. As noted above,
such closed circulation catheter cooling 1s sometimes used to
prevent surface charring and bubble formation during abla-
tion. As also mentioned above, the catheter tip may have small
holes (not shown) to permit open 1rrigation.

For remote operation, catheter or probe 10 may be posi-
tioned by a robot indicated in phantom at 40 having an arm
40q attached to the probe, in which case the robot may also
receive the temperature signal or reading from radiometer 16
via controller 22 to help position the probe to apply the
desired force, not to exceed the equivalent of 50 grams, to the
tissue at the point of contact therewith.

FIG. 2 shows how the FIG. 1 apparatus may be used to
practice our method.

Working Example 1

A test was performed to determine 11 there 1s a power level

which keeps the temperature rise 1n tissue below 5° C. at full
contact but causes enough of a temperature rise 1n the radi-
ometer output signal or reading to accurately determine the
contact force applied to the tissue.
Testing was performed with the dehvery of low power, 1.e.
0, 1, 2 and 4 watts, to the antenna in the catheter and the
eatffleter was attached to a force sensor. The catheter tip was
positioned 2-3 mm above the target tissue and then moved
slowly until it reached the tissue and then moved into the
tissue.

FIG. 3 graphs a typical “2 watt” run using our method,
recording the force exerted by the probe on the tissue and the
radiometer reading while 2 watts of power were applied. As
shown 1n FIG. 3, the radiometer reading indicated the begin-
ning of a temperature rise as the probe touched the tissue at
time 50 seconds and the temperature rise clearly tracked the
increase in force exerted on the tissue over time.

FIG. 4 1s a plot of the radiometer reading vs. probe contact
force on the tissue during the 2 watt run, indicating a strong
correlation between the two. This evidences that when a low
power level 1s applied over time to the probe antenna, the
radiometer reading 1s a reliable indicator of actual tissue
contact by the probe as well as of the force exerted on the
tissue by the probe aifter such contact.

Working Example 2

A second test was performed to determine 11 there 1s a high
power level but short time which keeps the temperature rise in
tissue below 5° C. at full contact, but causes enough of a
temperature rise in the radiometer to accurately determine the
contact force applied to the tissue.

Testing was performed with the delivery of high power, 1.¢.
30 watts, for a short period of time, 1.¢. 10 and 3 seconds, to
the antenna 1n the catheter and the catheter was attached to a
force sensor. The catheter tip was positioned 2-3 mm above
the target tissue and then moved slowly until 1t reached the
tissue and then moved into the tissue. The antenna was
stopped when the load on the tissue was 5 grams and then high
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power was pulsed on for 10 seconds. This was repeated for
every 5 gram increment until 50 grams, which 1s thought to
correspond to the maximum allowable force which should be
exerted on the heart tissue.

FIG. 5 shows an example of the temperature rise in the
radiometer during a 10 second application at 30 watts when
the tissue was under a 5 gram probe contact load. FIG. 6
shows an example of the temperature rise in the radiometer
during a 10 second application at 30 watts when the tissue was
under a 50 gram load. The 50 grams obviously cause a sig-
nificantly higher temperature response 1n the tissue and thus a
higher temperature rise as recorded by the microwave radi-
ometer.

In order to correlate the temperature rise to contact force or
tissue load 1n this case, one can use the maximum temperature
rise as recorded by the radiometer or the slope of the tempera-
ture rise. In either case, the data shows that there 1s a corre-
lation of the temperature rise to contact force or tissue load 1n
this high temperature, short time, case.

FIGS. 7 and 8 plot tissue load vs. maximum temperature
rise 1 5 seconds and vs. the slope in the first 5 seconds,
respectively, for the antenna power mentioned above, 1.e. 30
watts. In both cases, there 1s a strong correlation to the probe
contact force or tissue load.

To practice our mvention, i accordance with FIG. 2, the
probe 10 1s 1nserted 1into a patient close to the target tissue, e.g.
the left side of the heart. Then, by depressing control button
30a half way, the surgeon causes controller 22 to control the
transmitter 18 so that the transmitter applies low, sub-lethal,
power to antenna 11 1n probe 10. While observing the tem-
perature reading, or more preferably a force reading, on dis-
play 32, the surgeon may move the probe until 1ts tip 10a
actually contacts the heart tissue. This event will be marked
by an observable increase 1n the temperature and/or contact
force (tissue load) reading on the display, as shown, for
example, at time 50 seconds 1n FIG. 3.

As the probe tip 1s moved 1nto the tissue, the temperature
and/or contact force reading will increase and the probe posi-
tion may be stabilized when the observed temperature (or
force) reading indicates the desired contact force. As noted
above, that desired force should not exceed the generally
acceptable equivalent weight limit of 50 grams. At this point,
the surgeon may depress control button 30a on probe 10 all
the way, causing the controller to instruct the transmaitter 18 to
apply the selected lethal power to probe antenna 11. At this
time, the probe tip may be cooled as described above to
prevent surface charring of tissue.

Alfter a sulficient time to cause ablation of the tissue at the
point of contact, the control button 30a may be released so
that controller 22 switches the transmitter 18 to its low power
level or to OFF so that the probe can be moved to a different
contact point on the target tissue and the process repeated. Of
course the tissue may be cooled to a sub-lethal temperature
simply by withdrawing the heated probe from the tissue.

It will thus be seen that the objects set forth above, among,
those made apparent from the preceding description, are etfi-
ciently attained. Also, certain changes may be made in carry-
ing out the above method and 1n the construction set forth
without departing from the scope of the invention. For
example, during probe placement, the tissue may be heated by
a resistive heating element positioned in the probe tip and
connected to a current source 1mstead of by power applied to
the antenna 11. In this event, cooling fluid should not be
delivered to the probe. Also, when the probe contacts the
tissue as described above, the force exerted on the tissue by
the probe 1s equal to the force exerted on the probe by the
tissue. Therefore, the invention may be used to prevent dam-
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age to a probe tip that 1s especially fragile. Therefore, 1t 1s
intended that all matter contained 1n the above description or
shown 1n the accompanying drawings shall be interpreted as
illustrative and not 1n a limiting sense.

It 1s also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention described herein.

What 1s claimed 1s:

1. A method for measuring the contact force exerted on
tissue by a probe capable of heating tissue and containing an
antenna connected to a radiometer whose output reading 1ndi-
cates the temperature at depth of the tissue contacted by the
probe, said method comprising the steps of:

displaying the temperature reading of the radiometer;

applying suificient power to the probe to heat the tissue to

a selected first temperature that 1s not lethal to the tissue;
moving the probe 1nto contact with the tissue;
observing the increase in the temperature reading that
occurs when the probe actually contacts the tissue, and

advancing the probe toward the tissue until the temperature
reading reaches a value corresponding to a selected tis-
sue contact force.
2. The method defined 1n claim 1 including the additional
steps of
aiter the probe position 1n the tissue has stabilized, increas-
ing the applied power to the probe suificiently to heat the
tissue to a second, higher, temperature that 1s lethal to the
tissue for a suflicient time to ablate the tissue, and

following said tissue ablation, cooling the tissue to a sub-
lethal temperature.

3. The method defined 1n claim 1 wherein the probe 1s
powered by supplying electromagnetic energy to the antenna.

4. The method defined 1n claim 1 wherein the probe 1s
powered by supplying electrical current to a heating device in
the probe.

5. The method defined 1n claim 1 wherein said moving and
advancing steps are accomplished manually.

6. The method defined 1n claim 1 wherein said moving and
advancing steps are accomplished by a robotic arm attached
to the probe.

7. The method defined 1n claim 1 including the additional
step of displaying, at least during the moving and observing,
steps, the force exerted on the tissue by the probe as a function
of the temperature reading.

8. The method defined 1n claim 2 wherein the cooling step
1s accomplished by withdrawing the probe from the tissue.

9. The method defined 1n claim 2 wherein the cooling step
1s accomplished by reducing the heating of the probe below
said second temperature.

10. The method defined 1n claim 2 including the additional
step of tlowing a cooling tluid to the probe at least while the
probe 1s heated to the second temperature.

11. Apparatus for measuring the contact force exerted on
tissue by a probe, said apparatus comprising

a probe containing an antenna, said antenna being con-

nected to aradiometer which produces an output reading
corresponding to the temperature at depth of the tissue
contacted by the probe;

a moving mechamsm for moving the probe relative to the

tissue;

a display device responsive to said output reading for dis-

playing the tissue temperature;

a heating device in the probe for heating the tissue, and

a heating controller responsive to said output reading for
controlling the heating device, said heating controller
including a temperature/force calibration table, and
being programmed to
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control the heating device so as to heat the probe to a
selected first temperature which 1s not lethal to the
tissue, and

control the moving mechanism to advance the probe
toward the tissue whereby the display device first
displays the sudden increase 1n the output reading that
occurs when the probe actually contacts the tissue
followed by a gradual output reading increase that
occurs as the probe 1s advanced further into the tissue
and then stop the advance when the gradual output
reading increase reaches a value corresponding to a
selected tissue contact force indicated by said calibra-
tion table.

12. The apparatus defined 1n claim 11 wherein after said
turther advance 1s stopped, the controller 1s programmed to
control the heating device to thereafter heat the tissue to a
selected second temperature that 1s lethal to the tissue for a
sufficient time to ablate the tissue.
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13. The apparatus defined 1n claim 11 wherein the heating
device includes said antenna and further including an RF
generator connected to the antenna.

14. The apparatus defined 1n claim 11 wherein the heating
device includes a heating element in the probe and further
including a current source connected to the heating element.

15. The apparatus defined 1n claim 11 wherein said moving
mechanism includes a robot which 1s attached to the probe
and limits the further advance of the probe 1nto the tissue as a
function of said gradual output reading increase.

16. The apparatus defined 1n claim 11 wherein the display
device also displays the tissue contact force as a function of
said output reading.

17. The apparatus defined in claim 12 and further including
a cooling device for flowing a liquid to the probe to cool the
probe below said second temperature.
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